Printing metal nanowires are particularly attractive as compared to conventional coating methods due to the ease of processing, direct patterning, and large-scale fabrication capability. However, it is still challenging to print metal nanowire patterns that simultaneously have high conductivity, high transparency, flexibility, and stretchability. Three steps have been taken in this work to balance the transparency and conductivity of the screen-printed flexible and stretchable silver nanowire films, (1) selection of the ink formulation, (2) optimization of the printing parameters, and (3) posttreatment with a laser. The as-obtained silver nanowire patterns are large-area and demonstrate an ultralow sheet resistance of 1.9 ohm/sq, high transmittance (73%) at the wavelength of 550 nm, and an ultrahigh figure of merit (~136) as compared to the printed silver nanowire electrodes in the literature. The screenprinted transparent patterns exhibit excellent electrical stability and mechanical repeatability when subjected to 1000 bending cycles with a bending radius of 28 mm and 1000 stretch-release cycles with 10% strain, which makes the transparent patterns suitable for the fabrication of flexible, transparent microwave absorbers. The absorption performance of the prepared frequency selective surface absorbers indicates no obvious degradation after various manipulating configurations and multiple bending and stretching cycles. The results are promising enough to make this ink and screen-printing process suitable for many applications of flexible, stretchable, and transparent electronics. 
INTRODUCTION
Flexible and stretchable devices have become crucial for relatively new applications such as flexible sensors and actuators, [1] [2] [3] electronic textiles, [4] [5] [6] deformable displays, 7 and electromagnetic structures. 8, 9 It is essential in these fields to develop electrodes that can offer decent conductive properties despite enduring multimodal and repeated deformations. 10 Instead of structurally upgrading conventional materials through instability mechanics, the bottom-up assembly of nanomaterials represents an alternative and particularly promising route. 11 Devices associated with these methods can intrinsically survive large deformations and still maintain remarkable electrical properties. Advances in this context have led to the development of many nanomaterials, including nanowires (NWs), 12, 13 nanotubes, [14] [15] [16] [17] [18] and graphene. [19] [20] [21] [22] [23] Among these building blocks, silver nanowires (Ag NWs) have attracted extensive attention in the last decade because of the excellent mechanical compliance, such as stretchability and flexibility, which is essential for wearable electrodes. 3, 13, 24, 25 Moreover, many filmlike electrodes made of Ag NWs are capable of achieving both high optical transparency and high electrical conductivity, two critical parameters for many optoelectronic devices, including liquid crystal displays, light emitting diodes (LEDs), solar cells, and touch panels. 13, [26] [27] [28] [29] Recently, the fabrication of Ag NWs and Ag NW-based electrodes has made significant progress. Today, the reduction of Ag nitrate in the presence of polyvinyl pyrrolidone (PVP) and metal seeds in ethylene glycol (EG) is a low-cost, solution-based process to synthesize Ag NWs. The fabrication of flexible Ag NW conductors through coating methods [30] [31] [32] and printing methods, 25, 33, 34 with various conductivity and transparency has led to specific applications in LEDs, resistive heaters, thin-film transistors, and solar cells. The figure of merit (FoM) can characterize the trade-off between conductivity and transparency in these reported Ag NW films and other transparent conductors (Fig. 1a ) by describing the relationship between the transmittance (T) at the wavelength of 550 nm and the sheet resistance (R sh ) through Eq. 1 35 :
where Z 0 is the impedance of free space with a value of 377 ohm. For transparent conductors, the lowest sheet resistance and the highest transparency are ideal, which means the highest FoM is the best. The films fabricated by coating methods have typically shown an ultrahigh FoM (even comparable to conventional tin-doped indium oxide), but have also yielded a relatively high sheet resistance. 36 In contrast, one-step printing methods, such as inkjet printing, screen printing, gravure printing, additive printing, and direct writing, represent a low-cost, large-area fabrication, direct patterning technique that can deposit Ag NW patterns with relatively high conductivity. 25 However, the high Ag loading and/ or reduced Ag NW aspect ratio required in printing techniques typically yield a lower transparency of the printed electrodes, which in turn results in a low FoM. 34 Therefore, simultaneously achieving high conductivity, high transparency and a high FoM has remained somewhat unobtainable for printed Ag NW patterns (Fig. 1a) .
In this work, we demonstrate a new kind of Ag NW ink for screen printing to deposit transparent Ag NW patterns on elastic poly(dimethyl siloxane) (PDMS) substrates and optimize the Ag loading, the printing parameters, and the posttreatment with laser to balance the transparency and conductivity, while maintaining the flexibility and stretchability (Fig. 1b) . The resulting Ag NW patterns not only exhibit much higher transparency (transmittance as high as 73% at the wavelength of 550 nm) than those printed Ag NW electrodes in the literature (usually below 15%) but also demonstrate less of a trade-off in the conductivity (~1.74 × 10 5 S/m). We further demonstrate our printing method for the application of flexible frequency selective surface (FSS) microwave absorbers, which are typically realized on rigid substrates. The fabricated flexible and semitransparent FSS absorbers with both broadband and narrowband absorption properties exhibit a robust absorption performance even under multiple cycles of bending (radius of 28 mm) and stretching (10% strain). Our fabrication process is simple and easily extended for the fabrication of other large-area flexible, transparent electronics.
RESULTS
The Ag NWs for the screen-printing ink were synthesized by reducing Ag nitrate in the presence of PVP in EG (see details in the Experimental section). The method proposed here needs a shorter reaction time (45 min) compared to most of the previously reported methods, 30, 37, 38 and is simple to scale up. These features are beneficial to the preparation of the screen-printing ink because of the huge Ag NWs consumption during the printing process. Figure 2a shows SEM images of the synthesized Ag NWs. By counting 100 Ag NWs, we find that the Ag NWs have an average diameter of 60 ± 8 nm and a mean length of 32 ± 13 μm. This high length-to-diameter aspect ratio (greater than 500) allows for depositing a dense conductive network with a low Ag NWs loading. To further analyze the structure and crystallinity of the synthesized Ag NWs, we performed X-ray diffraction (XRD) of the Ag NWs on a glass substrate; the resultant XRD pattern is shown in Fig. 2b . Notably, four distinct peaks can be observed in the XRD pattern, which can be assigned to (111), (200), (220), and (311). The XRD patterns further confirmed the face-centered-cubic structure of the as-synthesized Ag NWs with high qualities without any other impurities.
The purified Ag NWs were directly used to prepare the screenprinting ink. In this study, the ink vehicle was made by dissolving EC and PVP (weight ratio of 1:1) in terpineol to form a homogenous viscous solution. The EC/PVP solution was then mixed with the purified Ag NWs, followed by vigorous stirring at 60°C to evaporate the acetone and residual ethanol. Finally, a small amount of ethanol (1:4 weight ratio to terpineol) was added to the EC/PVP-terpineol-Ag NW mixture to lower the ink viscosity and surface tension. The formulated ink with ethanol is beneficial for obtaining a uniform Ag layer (see Supplementary Information,  Fig. S1 ). The final Ag NWs ink has a solid loading of~1.97 wt%, which was confirmed by thermogravimetric analysis (TGA), as shown in Fig. 2c . The EC and PVP binder in ink are about 6.1 wt % (Fig. 2c) , which significantly improve the ink viscosity and rheological behavior. Figure 2d shows the measured viscosity of the Ag NW ink at different shear rates from 1 to 1000 s −1 . A shear thinning behavior appears, and the viscosity of the prepared Ag NW ink at a shear rate of 10 s −1 is about 3.2 Pa·s, which is suitable for screen printing. 39 The well-formulated Ag NW ink can be directly applied in screen printing (Fig. 2e) . Figure 2f demonstrates the simple manufacturing of Ag NW patterns on both rigid glass and flexible poly(ethylene terephthalate), where reliable patterns with various shapes and sizes can be fabricated in a large-area and high-efficiency manner.
To achieve high stretchability, we further demonstrate the printing of the Ag NW ink on PDMS substrates. The pristine PDMS substrate features high surface energy and poor wettability, preventing the uniform spreading of ink drops on its surface. After deposition, the aggregated Ag NWs resulted in the discontinuous patterns on the PDMS surface (Fig. S2) . To improve the wettability of the PDMS, we employed ultraviolet/ozone (UVO) to treat the surface of the cured PDMS. The middle and right panels of 30 spin coating, 32 spray coating, 43 and Mayer rod coating 13, 31 ) and one-step printing methods (ground color of purple) (electrohydrodynamic printing, 49 additive printing, 58 screen printing, 25 inkjet printing, 34 and seed particle printing 59 ), as well as some other transparent conductors (ground color of green) through direct writing of silver nanoparticles (Ag NPs), 60 copper random network, 61 direct printing of Ag precursors, 50 and laser transferring. 51 Note: For the printed Ag NW patterns in the literature, where the transmittance values at the wavelength of 550 nm are not clearly mentioned, the FoMs have been estimated based on the film thicknesses and the physical appearance of the patterns in comparison to our work. b Schematics for the process to achieve high transparency and conductivity for the printed Ag NW films in this work. (i) Optimization of ink formulation and printing parameters to tune the transparency of the printed Ag NW films.
(ii) Immersion of the printed films in a solvent bath to recover the conductivity. (iii) Treatment with strong laser to further increase the conductivity and transparency. The Ag NWs are loosely contacted after printing as shown in the scanning electron microscope (SEM) image in (i), whereas they are completely connected after laser treatment. The scale bars are 500 nm are the optical images of the Ag NWs printed on the UVO-treated PDMS; the resulting Ag NW network showed increased uniformity on the PDMS substrate as the UVO-treatment time increased. All the subsequent printings were carried out on PDMS substrates with a 20 min UVO treatment. Furthermore, similar to the previously reported strategy, 25 we further applied solvent baths with acetone and ethanol to the printed Ag NW patterns to enhance the conductivity. We have investigated the immersion time for the printed patterns in acetone, and the related sheet resistances are depicted in Fig. 3a . It is observed that the conductivity increases with the immersion time, and 2 min seems to be sufficient to obtain the desired resistance.
Although the sheet resistance of the Ag NW networks is significantly reduced after washing (from 460 to 41 ohm/sq), it remains unsuitable for applications in some devices, such as flexible LEDs, 40 solar cells, 36 and microwave absorbers. 41 In fact, several posttreatment methods have been introduced in the literature to improve the conductivity of Ag NW networks. Chemical treatments, such as rinsing the Ag NW network in solutions or vapors of sodium borohydride, 42 cetyltrimethylammonium bromide, 36 sodium halide salts, 43 hydrogen chloride, 44 and water moisture, 45 could induce nanowelding of Ag NW junctions and hence reduce the contact resistance between the NWs. However, additional washing procedures are needed that are nontrivial. Recent works have found that conductivity favorable nanowelding can also be realized through simple laser sintering. 46, 47 Herein, a Yb:fiber laser with a power of 9 W and a scan speed of 150 mm/s (corresponding to an exposure time of 0.67 ms) was introduced to sinter the Ag NW network after immersion in acetone for 2 min. As shown in Fig. 3a (green columns), the sheet resistance decreased dramatically after the laser-sintering process. Specifically, the sheet resistance fell from an initial value of 53-7.1 ohm/sq for samples with 2 min of immersion and laser sintering. Interestingly, the transmittance of the laser-sintered Ag NW film also improved from 52 to 58%, as illustrated in Fig. 3b . To further explore the finding and balance the transparency and conductivity, we compare a series of screenprinted Ag NWs films with different thicknesses, and in turn various initial transmittance and sheet resistance values have observed. First, Ag NW conductive inks with various Ag loadings from 1 to 7% were prepared, and the trade-off between the transparency and conductivity of the screen-printed films was studied (Fig. S3) . When the Ag loading was increased from 1 to 7%, the transmittance decreased from 69 to 13%, but at the same time, the sheet resistance also decreased from 156 to 21 ohm/sq. Here, the Ag NW ink with a 2% loading was chosen as a satisfactory compromise between the relatively high transmittance (53%) and low sheet resistance (57 ohm/sq). Second, the transparency and conductivity of the screen-printed Ag NW films were balanced by tuning the printing parameters: the printing 5 mm) , and the number of printing cycles (1-3 cycles). Typically, a faster printing speed (higher than 100 mm/s), higher force, smaller gap (less than 4 mm), and larger number of printing cycles (more than one cycle) lead to thicker printed films and, in turn to reduce transparency. The transmittances of these screen-printed Ag NW films varied from 23 to 67% at 550 nm (Fig. S3 with solid lines) , whereas the sheet resistance increased from 32 to 170 ohm/sq. Finally, the laser system was introduced to further balance the transparency and conductivity. The laser-sintering treatment proved effective in improving the transparency (Fig. 3a and Fig. S4 with dashed lines) and a more than 10% improvement in transmittance was seen. At the same time, the sheet resistance of the laser-sintered Ag NW patterns was only~11% compared to that of the washed patterns (Fig. 3a) . These results demonstrate superior transparency compared to the various printed Ag NWs films and some other transparent conductors in the literature (Fig. 1a) and one of the lowest sheet resistances (1.9 ohm/sq). For comparison's sake, other studies have reported the following sheet resistance and transmittance values: screen-printed Ag NW patterns (calculated sheet resistance, 1.05 ohm/sq; no transparency data), 25 gravureprinted Ag NW patterns (calculated sheet resistance, 0.468 ohm/ sq; no transparency data), 48 electrohydrodynamic printed Ag NW patterns (sheet resistance, 1.5-3.7 ohm/sq; no transparency data), 49 direct printing of Ag precursor (sheet resistance, 27.6 ohm/sq; transmittance: 94.7%), 50 and laser transferred Ag NW patterns (sheet resistance, 59.1 ohm/sq; transmittance: 92.3%). 51 To further highlight the influence of laser sintering on the properties of transparent patterns, we calculated and plotted the FoM of the printed Ag NW patterns before and after laser sintering, as illustrated in Fig. 3b . The calculated FoMs of the printed patterns after laser sintering increased to nearly 140 from an initial value of 10. The results also indicate the effectiveness of laser sintering in terms of improving the transparency and conductivity of the screen-printed Ag NW patterns. The mechanism through which laser treatment improves the transparency and conductivity was further studied by investigating the detailed morphologies of Ag NWs before and after laser treatment through SEM (Figs 3c and S5) . Melted NWs and fused NW junctions were observed after laser sintering (Fig. 3c and top left inset of Fig. S5 ). In contrast, the contact between the Ag NWs was relatively loose for the Ag NW networks without laser sintering (top right inset of Fig. S5 ). Thus, we attribute such a dramatic decrease in the sheet resistance to the fusion of the Ag NW junctions. In addition, it is also observed that the laser treatment reduced the thickness of the Ag NW film, as measured in Fig. 3d (decrease of~14%) , which may lead to improved transparency of this Ag NW network. In fact, the laser sintering was carried out with a fiber laser operating at a 1.06 μm wavelength. For Ag, a low transmittance of 30% was observed within a wavelength of 1.06 μm, and most of the emitted energy was absorbed, 52 resulting in the melted Ag NW junctions and completely connected Ag NWs (Fig. 3c) . As a result, not only was the sheet resistance significantly reduced but the transparency of the Ag NW film also improved because of the decreased thickness.
To demonstrate the potential applications for the screenprinted stretchable electrodes, we have proposed transparent FSS Fig. 4a ) with broadband and narrowband absorption in this work through the above-mentioned Ag NW screen-printing process. Typically, an FSS absorber consists of a dielectric substrate separated by an FSS layer with a periodic array to optimize the reflection and absorption and a ground layer with high conductivity to minimize the wave transmission. 53 All three layers should be optically transparent to fabricate a transparent FSS absorber with potential applications in smart transparent windows for radio wave isolation and solar panels to enhance light absorption. 41 Here, the Ag NW FSS layer was screen printed on UVO-treated PDMS with a thickness of 3.5 mm (Fig. 4e) ; immersion in acetone for 2 min and ethanol for 5 min (sheet resistance of 51 ± 2.4 ohm/sq) followed. An Ag NW ground layer was printed on the other side of the PDMS without a mask, resulting in a continuous conductive layer. The ground Ag NW layer was treated with a laser to achieve sheet resistance as low as 7.5 ohm/sq (corresponding to a conductivity of~1.9 × 10 5 S/m) to avoid wave transmitting from the absorber (Fig. S9) . We highlight the high flexibility of the fabricated broadband FSS absorber achieved through our procedures by evaluating the mechanical compliance, i.e., bending (Fig. 4b) and stretching (Fig. 4c) . The bending stability of the ground layer and printed FSS layer was investigated by bending the fabricated absorber with bending a radius of 42-19 mm (Fig. 4e) , and then the resistance change was recorded. Figure 4d shows that there was no obvious change in the electrical resistance after bending the sample with a radius of 28 mm for both the ground layer (~8%) and FSS layer (~4%). The slight difference in the resistance change between the ground layer and FSS layer was attributed to the thicker Ag NW layer of FSS layer than that of the ground layer, resulting in more stable resistance upon deformation. However, the resistance increased dramatically when a smaller bending radius (i.e., 23 and 19 mm) was applied to the sample. Microscale cracks can be observed in the SEM images of the Ag NW network after bending to a radius of 23 mm (Fig. S6a) . However, because of the high aspect ratio of the Ag NWs, the cracks remained connected (Fig. S6b) , which ensured the conductivity of the entire Ag NW network. Multiple bending cycles were performed, and the resistance remained stable even after 1000 bending cycles with a radius of 28 mm (Fig. S7a) . The stretchability of the screen-printed ground layer and FSS layer was also investigated (Fig. 4g) after evaluating the sheet resistance change under different tensile strains. The resistance of the ground layer and the FSS layer increased by 6% and 3%, respectively, after applying 10% tensile strain (Fig. 4f) . These characteristics are essential for practical applications of a flexible absorber. Notably, the broadband absorber's application favoring performance can be extended for a narrowband absorber fabricated in a similar way (Figs S7b and S8) .
The absorption performance of the fabricated absorbers was studied through the waveguide method (see details in the Experimental section). The simulated absorptivity and measured absorptivity of the screen-printed broadband absorber without bending and stretching are shown in Fig. 4h . The simulation and measurement results are highly correlated. Benefiting from the mechanical stability of the screen-printed Ag NWs ground layer and FSS layer, the absorption performances remained stable and did not shrink sharply for a bending radius greater than 28 mm (Figs 4h and S9) . Similarly, the measured absorptivity showed only a slight reduction with 5 and 10% strain (Fig. 4i) . It should be noted that the absorptivity exhibited excellent repeatability for more than 1000 bending cycles with bending radius of 28 mm (Fig. 4h) and 1000 stretch-release cycles when subjected to 10% strain (Fig. 4i) . The fabricated narrowband absorber demonstrated similar flexibility and stretchability, and it withstood a similar bending radius and comparable tensile strain without degradation of the absorption performance (Fig. S9) . The excellent stability under mechanical deformations can be ascribed to the inherent robust properties of the Ag NWs and the stretchable transparent substrate, which is the limitation of the commonly used indium tin oxide, graphene, or pure metal as the conductive layers and glass or polymethyl methacrylate as the substrates. 41, [54] [55] [56] In addition to the mechanical stability, the transparency of the fabricated absorbers was measured and is depicted in Fig. S10 . The transmittance of the fabricated broadband absorber was 45% at the wavelength of 550 nm (Fig. S10) , whereas the narrowband absorber had better transparency, achieving a transmittance of 49% at the wavelength of 550 nm. The proposed absorbers combine flexibility, stretchability, and transparency, indicating great potential for practical applications of microwave absorbers.
DISCUSSION
In summary, Ag NWs with a length-to-diameter aspect ratio greater than 500 were synthesized in a high-efficiency and largescale manner, and screen-printed Ag NW ink with a low solid content of 2 wt% was developed. The trade-off between the conductivity and transparency of the screen-printed Ag NW patterns was well balanced by selecting the correct Ag loading (2 wt%); optimizing the printing speed (higher than 100 mm/s), squeeze pressure, and number of printing cycles (1-3 cycles); and introducing laser treatment to further increase the conductivity. When screen printed on the surface of UVO-treated PDMS, the Ag NW patterns exhibit a conductivity as high as 1.9 × 10 5 S/m after removing polymer in chemical solvents and laser sintering. Moreover, a transmittance of 73% at the wavelength of 550 nm was achieved, meaning the transparency is superior to that of the printed Ag NW films in the literature. After bending with a radius of 28 mm and stretching with 10% strain, no discernible changes in electrical resistance were observed for the screen-printed Ag NW patterns. The absorptivity of the fabricated microwave absorbers exhibits reliable stability and repeatability, and shows no obvious reduction after 1000 cycles of bending with a radius of 28 mm and 1000 cycles of stretching with 10% strain.
METHODS

Ag NW synthesis and ink preparation
The Ag NWs were synthesized by a modified polyol reduction method with one-pot reaction process. Firstly, 1.2 g PVP was dissolved in EG under vigorous stirring. Then, 1 g Ag nitrate was added to the PVP-EG solution. After it was completely dissolved, 4 g of freshly prepared copper (II) chloride (CuCl 2 )-EG solution (50 mM) was quickly injected into the mixed solution and stirred for 1 min. Finally, the mixture solution was transferred into a preheated flask at 130°C, and the reaction was allowed to proceed for 45 min to complete the growth of the Ag NWs. The resultant dispersion was washed and purified three times using acetone and ethanol to remove the excess PVP and other chemical residues.
The ink formulation was made by dissolving EC and PVP in terpineol at 90°C with the help of magnetic stirring to form a 6 wt% EC/PVP-terpineol solution. Then, the ink formulation was added to the purified Ag NWs, and the mixture was vigorously agitated at 60°C for 2 h to obtain a homogeneous dispersion. Finally, ethanol with a 1:4 weight ratio to terpineol was added to the dispersion and stirred for 10 min without heating to obtain the final Ag NW ink.
Printing and posttreatment
First, the PDMS substrate was prepared by mixing PDMS solution and the curing agent (Sylgard 184, Dow Corning) at a 10:1 ratio, followed by degassing in a vacuum oven for 30 min to remove trapped air bubbles. The PDMS precursor was then poured into two molds with a thickness of 0.8 and 3.5 mm, and cured at 70°C for 2 h. To improve the wettability of the PDMS substrate and facilitate the printing of the Ag NW ink, we introduce UVO to treat the surface of the cured PDMS for different time periods. The Ag NW ink was screen printed on the treated PDMS using a screen-printing system (AUREL screen printer 900PA) with a Kapton mask (laser cut from the CO 2 laser, Universal Laser System) attached to a blank screen mesh. After printing, the Ag NW patterns were heated at 120°C for 10 min in an oven to evaporate the terpineol. The dried Ag NWs patterns were then immersed in acetone for some time to remove the EC; this step was followed by immersion in ethanol for 5 min to remove the PVP and then naturally dry. A Yb:fiber laser (Universal Laser System) was employed to sinter the solvent-treated Ag NW patterns to further improve their conductivity. The power of the fiber laser was set at 9 W, the scan speed was 150 mm/s (corresponding to an exposure time of~0.67 ms), and the zaxis was 5 mm for the 3.5 mm PDMS substrate and 2.5 mm for the 0.8 mm PDMS substrate.
Simulation and fabrication of the FSS absorbers
The FSS absorbers comprise three parts: the FSS layer, dielectric substrates, and ground layer. A full wave simulation was carried out through CST Microwave Studio 2017. The periodical boundary condition was set along the x-and y-axes, and the propagation of the electromagnetic wave was along the z-axis. The conductivity of the FSS layer was set at 6.6 × 10 3 S/m, and 2 × 10 5 S/m for the broadband and narrowband absorbers, respectively. The dielectric substrate has a permittivity of 2.32 ± 0.005 j, and the thicknesses are 3.5 and 0.8 mm for broadband and narrowband absorbers, respectively. A 3-μm-thick ground layer with a conductivity of 6.7 × 10 4 S/ m was placed on the back side of the unit cell. The frequency range is 8-12.4 GHz (X-band). For the fabrication of the broadband FSS absorber, Ag NW ink was printed on 3.5-mm-thick PDMS and immersed in acetone for 2 min. For the narrowband absorber, the Ag NW patterns on 0.8-mmthick PDMS were further sintered by laser, as mentioned above.
Characterizations
A scanning electron microscope (FEI NovaNano FEG-SEM 630) was used to observe the microstructure and morphology of the synthesized Ag NWs and Ag NW patterns. XRD (Bruker D2 PHASER) was carried out to examine the crystallinity of the Ag NWs. The UV−vis absorption spectrum of the Ag NW film was obtained using a UV−vis spectrophotometer (Thermo Evolution 600) in the range of 360 to 800 nm. The shear viscosity of the Ag NW ink was measured at room temperature using a HAAKE MARS2 Rheometer. TGA curve was obtained using a NETZSCH Instrument TG 209 F1 under a nitrogen atmosphere and the temperature increases from room temperature to 640°C at a heating rate of 20°C/min. The sheet resistance of the Ag NWs patterns was determined by a four-probe measurement system (CMT-SR2000N). The bending and stretching of the absorbers were performed manually. The absorption performance was evaluated through the waveguide method. After careful calibration of two waveguides, two unit cells of the absorbers were placed in the center of the waveguide and, S11 and S21 with real and imaginary parts were recorded using an X-band waveguide connected to a vector network analyzer (Agilent N5225A). The absorptivity was calculated by the following equation,
where R (ω) = |S11| 2 is the reflectivity, T (ω) = |S21| 2 is the transmissivity and ω is the frequency.
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